Some species of planktic foraminifera inhabiting oligotrophic surface water environments are in an obligate symbiotic relationship with dinoflagellate microalgae, which can assimilate carbon (C) through photosynthesis. However, the mechanism and dynamics of C photosynthate translocation to the foraminiferal host, and related benefits for the dinoflagellates in this symbiotic association, are poorly constrained. As a consequence, the role of planktic foraminifera as autotroph organisms in ocean surface ecosystems is not well understood. Here, we performed pulse-chase experiments with 13 C-enriched dissolved inorganic carbon, followed by TEM and quantitative NanoSIMS isotopic imaging to visualize photosynthetic C assimilation by individual symbiotic dinoflagellates and subsequent translocation to their Orbulina universa host. Although most of the dinoflagellate population migrates out of the host endoplasm onto external spines during the day, our observations show that a small fraction remains inside the host cell during daytime. All symbionts, whether outside or inside the foraminifera cell, effectively assimilate C into starch nodules during daytime photosynthesis. At the onset of night, all dinoflagellates from the exterior spine-ectoplasm region migrate back into the foraminiferal cell. During the night, respiration by dinoflagellates and carbon translocation to the host, likely in the form of lipids, greatly reduces the abundance of starch in dinoflagellates. Dinoflagellate mitosis is only observed at night, with a substantial contribution of carbon fixed during the previous day contributing to the production of new biomass.
Introduction
The intracellular association between photosynthetic dinoflagellate algae and foraminifera has been recorded in numerous studies of large benthic (Lee 1983; Leutenegger 1984) and planktic foraminifera species (Rhumbler 1911; Lee et al. 1965; Anderson and Bé 1976; Spero and Parker 1985; Spero 1987) , and the symbiotic nature of this relationship confirmed by the observed effects of the dinoflagellates on host metabolism and growth. For example, in large benthic foraminifera, such as Heterostegina depressa, Amphistegina lessonii, and Archaias angulatus, the symbionts were shown to enhance growth rate (Duguay and Taylor 1978; Lee and Zucker 1969; Röttger and Berger 1972) . In planktic species, such as Globigerinoides sacculifer, dinoflagellate symbiont photosynthesis affects final shell size, and elimination of symbionts results in earlier gametogenesis and reduced lifespan (Bé et al. 1982) . Studies with micro-sensors have shown that significant changes in oxygen production and pH in planktic 1 3
Orbulina universa were correlated with variations in light level, demonstrating the effect of symbiotic dinoflagellate photosynthesis on the host cell micro-environment (Rink et al. 1998; Köhler-Rink and Kühl 2005) . In G. sacculifer, longer survival rates have been recorded in unfed specimens exposed to high light levels (= elevated photosynthetic rates) in comparison with unfed specimens kept under low-light conditions (Caron et al. 1981) , suggesting that the dinoflagellates are providing photosynthates to the foraminiferal host cell. Although symbiotic Sarcodines such as foraminifera are important contributors to primary production in oligotrophic environments around the world (Spero and Parker 1985; Caron et al. 1995) , no studies have documented the timing, extent, and distribution of translocated organic C photosynthates between symbiotic dinoflagellates and their foraminiferal host cells.
Here, we present correlated transmission electron microscopy (TEM) and nanoscale secondary ions mass spectrometry (NanoSIMS) images of the intracellular distribution of assimilated carbon in O. universa from 13 C-enriched pulsechase experiments with high temporal resolution (minutes to hours) across a full diurnal cycle. The NanoSIMS ion microprobe permits subcellular, quantitative isotopic imaging of biological tissue and is directly correlated with TEM ultrastructural imaging (Hoppe et al. 2013; Nuñez et al. 2018) . Combined with isotopic pulse-chase labeling experiments, this allows metabolic pathways to be studied at the subcellular level in other symbiotic marine organisms, such as corals or phytoplankton (Clode et al. 2007; Pernice et al. 2012 Pernice et al. , 2015 Ceh et al. 2013; Kopp et al. 2013 Kopp et al. , 2015a Krupke et al. 2015) . Two recent studies also used NanoSIMS to study foraminifera metabolism (Nomaki et al. 2016; LeKieffre et al. 2017) . The primary objective of this study was to visualize and quantify carbon uptake, incorporation, and photosynthate translocation between dinoflagellate symbionts and host in the planktic foraminifer O. universa.
Materials and methods

Collection of the foraminifera
Specimens of O. universa were hand-collected by SCUBA divers from surface waters, 1-2 km north of Santa Catalina Island (California, USA) in August, 2014. The specimens were individually collected in glass jars from a depth of 2-6 m in the San Pedro Basin and transported within 1 h to the laboratory at the University of Southern California Wrigley Marine Science Center. Each individual was then transferred with a glass pipette to a clean glass jar containing 0.45 µm filtered seawater and maintained at 22 °C. Light micrographs were taken of living specimens, both in light and after acclimation to the dark, using a Nikon D3200 digital SLR camera connected to a Nikon TMS inverted microscope.
Experiment: incubation with NaH
13
CO 3 in light
Approximately 1 day after collection, 24 pre-sphere (trochospiral test) O. universa were selected and fed a 1-dayold Artemia salina brine shrimp nauplius 4 h prior to the 13 C-incubation experiment. At 13:00 local time (i.e., corresponding to maximum symbiont photosynthetic rate (P max )) (Spero and Parker 1985) , 21 fed specimens were transferred into 22 mL scintillation vials (one specimen per vial), filled with 0.45 µm filtered seawater spiked by the addition of 2 mM NaH 13 CO 3 ( 13 C fraction of 99%, Cambridge Isotopes Laboratory Inc.) (pH 8.2, measured after the addition of NaH 13 CO 3 ). The addition of the spike resulted in a final dissolved inorganic carbon (DIC) concentration of ~ 4 mM and a DIC 13 C/ 12 C ratio ~ 0.45. The capped vials were then immersed into water baths held at 22 °C under artificial light (Sylvania F24T12 'Cool White' fluorescent lights). The lights have a minimum intensity of 350 µmol photons m −2 s −1 , which is the P max light saturation threshold for symbiont photosynthesis in this species (Spero and Parker 1985; Rink et al. 1998) . Three individuals were maintained in unspiked filtered seawater under identical conditions to serve as control specimens. After 6 h ( Fig. 1) , the isotopic incubation was terminated and a chase phase began by transferring foraminifera to new vials filled with ambient 0.45 µm filtrated seawater (i.e., natural DIC 13 C/ 12 C ≈ 0.01) with a DIC concentration of ca. 2 mM. Specimens were transferred through an intermediate wash vial to avoid increasing the δ 13 C DIC of the ambient chase solution. The vials were placed in the dark for 12 h and then moved back into the light for an additional 12 h period. During this 30 h experiment, three specimens were sampled for TEM fixation at the following timepoints: 0, 0.75, 2, 6, 7, 12, 18 , and 30 h, respectively, as indicated in Fig. 1 .
A second incubation experiment was carried out using the same protocol described for the main experiment, except that the three specimens were incubated in 13 C spike for 6 h in the dark. The pulse phase of this experiment was initiated at 13:00 local time and the specimens were kept in darkness for 6 h. They were then collected for TEM fixation and processed as the other samples, described below.
TEM-NanoSIMS sample preparation
At each sampling timepoint, the collected O. universa specimens were individually transferred into 0.5 mL micro-centrifuge tubes containing filtered seawater with 4% glutaraldehyde and 2% paraformaldehyde (pH 8.1), and fixed for 24 h at room temperature. The fixative solution was then replaced by a solution of 2% glutaraldehyde in filtrated seawater for transport to the Electron Microscopy Facility, University of Lausanne, Switzerland. During transport, the majority of spines were broken and most of the reticulopods and symbiotic microalgae attached to the spines were lost, but ectoplasmic matrix adjacent to the outside of the test was well preserved (see below). Upon arrival, specimens were rinsed in artificial seawater (RedSea Salt, 34 psu), then post-fixed with a solution of 2% OsO 4 diluted in distilled water for 1 h. After thorough rinsing with distilled water, all specimens were embedded in 3% Agar (Sigma-Aldrich, type VII-A, low gelling temperature), following the procedure described by Spero (1988) . This step protected the fixed foraminifera during the decalcification and dehydration steps, and preserved the natural positioning of the symbiotic dinoflagellates that were present at the base of the broken spines on the outer shell surface. The agar-embedded foraminifera were then decalcified in two successive baths (1 and 48 h, respectively) of EDTA 0.1 M diluted in distilled water, followed by a dehydration series of increasing ethanol concentrations (50, 70, 95, and 100%) . Samples were prepared for TEM at room temperature using a sequential LR White resin impregnation first with a solution of resin/ethanol 100% (volume 1:1) for 1 h, followed by pure resin for 8 h. Finally, all specimens were placed in a third bath of pure resin for 3 h and then allowed to cure in solid resin at 70 °C for 8 h. Specimens were sliced with an ultramicrotome (Reichert Ultracut S) equipped with a diamond knife (Diatome Ultra, 45°) into semi-thin (500 nm) and ultra-thin (70 nm) sections. Semithin sections were stained with a mix of toluidine blue and basic fuchsine prior to observation under a light microscope. The ultra-thin sections were placed on formvar-carboncoated copper grids (Electron Microscopy Science, reference FCF200F1-Cu), stained with 2% uranyl acetate for 10 min and observed with a transmission electron microscope (TEM, Philips 301 CM100, 80 kV). Areas of interest for NanoSIMS imaging were selected from TEM images.
NanoSIMS analytical procedures followed those described in Lekieffre et al. (2017) . Briefly, following TEM imaging, the same ultra-thin sections were coated with about 10 nm gold prior to imaging with a Cameca NanoSIMS 50L ion microprobe (Hoppe et al. 2013 where C meas is the 12 C 13 C − / 12 C 2 − ratio measured in the isotopically labeled samples, and C control is the 12 C 13 C − / 12 C 2 − ratio measured on control samples incubated without 13 C-addition (see above), prepared, and handled in an identical manner. Note that the precision of the 13 C/ 12 C ratios obtained with NanoSIMS imaging does not permit the resolution of natural isotopic variations in the tissue (e.g., diurnal), or variations between organelles. The average 13 C/ 12 C ratio of the endoplasm of three control specimens was, therefore, used as the standard ratio against which the (very large) experimental 13 C-enrichments were quantified (cf. equation above); the reported 13 C-enrichments are, therefore, not relative to the VPDB standard. Control values were measured at the beginning and the end of each Nano-SIMS session and exhibited no significant analytical drifts.
NanoSIMS image processing was carried out as described in LeKieffre et al. (2017) and Nomaki et al. (2018) . Briefly, TEM images were aligned with corresponding NanoSIMS 12 C 14 N − images (Online Resource 1) using the software Look@NanoSIMS (Polerecky et al. 2012) , which allows a user to hand-draw regions of interest (ROIs) corresponding to different organelles (e.g., dinoflagellate starch grains, foraminiferal lipid droplets, and fibrillar bodies). For each type of organelle and each timepoint, the average 13 C-enrichment and its standard deviation were calculated based on three replicate foraminifera (except for the 6 and 30 h timepoints, where only two replicates were available). The ROIs drawn on TEM images were also used to assess the relative abundance (in %) of lipid droplets in the foraminiferal endoplasm and starch grains in the dinoflagellate cytoplasm, respectively. Lipid droplet abundance was determined as the number of pixels occupied by lipid droplets divided by the total number of pixels of foraminiferal endoplasm. Starch grain abundance was determined as the number of pixels of occupied by starch grains divided by the total number of pixels covering dinoflagellate cytoplasm.
We recognize that chemical fixation protocols are known to affect the 13 C-content of cells, through
infiltration of 12 C-resin and fixatives within the samples and loss of soluble 13 C-enriched compounds (Musat et al. 2014; Nomaki et al. 2018) . Thus, the 13 C-enrichment values of the different cellular compartments (including the starch grains) noted in this study are not the original enrichments values. However, with all specimens prepared for NanoSIMS analysis in a similar manner, relative comparisons can be made.
Statistical analysis
Starch abundances in dinoflagellates, lipid droplet abundance in foraminiferal endoplasm, as well as dinoflagellate starch, and foraminiferal lipid δ 13 C, were obtained by calculating the average of ROIs (one ROI corresponding to one organelle, i.e., a starch grain or, a lipid droplet) within each specimen, and then calculating the average of the three specimens for each timepoint. Thus, the errors bars shown are standard deviations representing the inter-specimen variability (i.e., n = 3 specimens). However, statistical analysis was also carried out on the total set of ROIs for each timepoint using a linear mixed-effects (LME) model taking into account pseudo-replication effects, followed by a Tukey multiple comparison test. The results of the Tukey multiple comparisons tests are provided in the Online Resource 2. Comparisons of relative starch abundance and δ 13 C in dinoflagellate endoplasm or matrix were performed with a t test for each timepoint. The results of the t tests are listed in the Online Resource 3. All statistical analyses were performed with the Rstudio software (RStudio Team 2016) with the significance level set to α = 0.05 (i.e., p value < 0.05).
Results
The partitioned distribution of the cytoplasm into endo-and ectoplasm is easily observable in histological (semi-thin) section images, as illustrated with two specimens of O. universa (Fig. 2C, D) . A few specimens grew a chamber during the experiment (Online Resource 4); those have a spherical test surrounding a multi-chambered trochospiral test. The trochospiral test chamber is filled with cytoplasm (= endoplasm), and although the space between the trochospiral test and the spherical test appears empty, it originally contained strands of rhizopodia and seawater (Spero 1988 ) that were washed away and replaced by resin during the fixation process. We refer to the space between the trochospiral test and spherical chambers as the 'internal matrix' (im), to distinguish it from the 'external matrix' (em), defined here as the ectoplasm outside the spherical chamber (Fig. 2C,  D) . For the majority of the specimens that did not produce a spherical test prior to fixation, distinction is simply made between endoplasm (ep) and ectoplasmic matrix outside the trochospiral test. As we have no data to help elucidate, in this study, we assumed that there is no influence of calcification on the inorganic carbon assimilation in O. universa.
Dinoflagellate migration in and out of the foraminiferal endoplasm
As reported previously (Hemleben et al. 1985) , we observed a diurnal migration pattern in the symbiotic dinoflagellates. In the light, the majority of symbiotic dinoflagellates were located on the spine surfaces surrounding the foraminifera test (i.e., in the external matrix) ( Fig. 2A, C) . However, a small subset of the dinoflagellate population was observed in the internal matrix and in vacuoles in the endoplasm (Fig. 2C, E) . In contrast, symbionts were absent from the spines and ectoplasm at night (Fig. 2B, D) , and were nearly all found in vacuoles within the endoplasm (Fig. 2F) , although a few were observed in the internal matrix in the case of adult specimens. TEM and light micrographs of individuals fixed during day and night suggest that there is a permanent, albeit fluctuating, population of dinoflagellates in the endoplasm (Fig. 2E, F) .
Carbon uptake and storage by the symbiotic dinoflagellates
Starch is the primary form of carbon storage in the dinoflagellates (Taylor 1968; Dodge and Crawford 1971) . In TEM images, this carbohydrate appears as an electron transparent, white region in cells (e.g., Dodge and Crawford 1971; Spero 1987) . After 45 min of incubation in spiked seawater, we see evidence of 13 C-enriched starch accumulation on the chloroplast pyrenoid surfaces (Fig. 3) . Within 2 h, we observe a number of isolated starch grains within the cytosol, suggesting that the dinoflagellates harvest accumulating starch off the pyrenoid. TEM micrographs of dinoflagellates fixed at the end of the pulse light phase (i.e., after 6 h) display a higher starch grain density compared to earlier timepoints (Figs. 3 and 4A) . Conversely, at the end of the night cycle (T = 18; following 12 h of chase phase), TEM micrographs reveal nearly starch-free dinoflagellates (Fig. 4B) .
We do not observe significant differences in starch relative abundance or average 13 C-enrichment between dinoflagellates in the endoplasm and those in the external matrix (t test, p value > 0.05; Fig. 4C, D) , indicating comparable photosynthetic efficiency and equal access to 13 CO 2 . The relative abundance of starch grains in all dinoflagellates (expressed in percentage of the area occupied by starch grains) increased from ~ 11% after 45 min to ~ 43% after 6 h of incubation in the light (LME model, p value < 0.001; Fig. 4C ). During the dark phase, the starch relative abundance stayed constant between 6 and 7 h of incubation (LME model, p value > 0.05), and decreased steadily to ~ 7%
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Page 5 of 15 104 during the remainder of the dark phase, i.e., T = 18 h of incubation (LME model, p value < 0.001). During the second light phase (from T = 18 h to T = 30 h), starch abundance again increased to an average of ~ 41% of the symbiont cytosol area (LME model, p value < 0.001; Fig. 4C ).
13 C-enrichment of the starch was evident after 45 min in seawater with 13 C-labeled bicarbonate ( Fig. 3 ; 45 min). Mean starch δ 13 C in the dinoflagellates increased by about a factor of 4, from ~ 3400 to ~ 13,200‰ between (t = 45 min) and the end of the light pulse phase (t = 6 h) (E, F) . During the day, the majority of the symbionts are outside the spherical test on the spines (yellow dots in A). Symbionts are evident outside the sphere in the external matrix (em) in C, with a few symbionts observed in the internal matrix (im) (C). A few symbionts are found in the endoplasm (ep) during the day (E).
During the night, symbionts are absent from the spines (B). At this time, they are primarily found in the endoplasm (ep) (D, F) . A vacuole membrane surrounding a dinoflagellate symbiont is clearly visible inside the foraminiferal endoplasm (inset in F, indicated by an arrowhead). Dotted arrows in C, D point to the position of the original (decalcified) spherical test. Dinoflagellates are indicated with solid arrows or labeled 'd'. Scale bars: A 500 µm; B-D 200 µm; E, F 10 µm; inset in F 2 µm (LME model, p value < 0.001; Fig. 4D ). In the subsequent dark chase phase (t = 6 to 18 h), dinoflagellate starch 13 C-enrichment remained constant (LME model, p value > 0.05), albeit with a tendency to decrease towards the end of the night. During the subsequent light chase phase (t = 18-30 h), unlabeled starch accumulated (Fig. 4C) and the average dinoflagellate starch 13 C-enrichment decreased to ~ 1200‰ (LME model, p value = 0.001; Fig. 4D ). Fig. 3 Time evolution of starch production and 13 C incorporation by the symbiotic dinoflagellates in Orbulina universa endoplasm during the daytime pulse phase of the experiment (45 min, 2 h, 6 h), followed by a night (T = 7 h, 12 h, 18 h) and second light cycle (T = 30 h) chase phase. 
Transfer of carbon to the foraminiferal host cell
The first evidence of translocation of 13 C-enriched photosynthates from symbiont to foraminifera host was recorded by a statistically significant increase in 13 C-labeled lipid droplets at the first timepoint (t = 45 min) (Figs. 3 and 5B). Lipid droplets are osmiophilic vesicles in the cell (i.e., they appear electron dense in TEM images) with a waxy appearance and without apparent membrane (reviewed in LeKieffre et al. 2018) . They are thought to be one of the primary carbon storage components in foraminiferal cells (Hottinger and Dreher 1974; Leutenegger 1977) . Host lipid droplets have an average δ 13 C of ~ 100‰ at T = 45 min, which increased to ~ 2000‰ at T = 18 h (LME model, p value < 0.001; Fig. 5B ) before significantly decreasing to ~ 450‰ at the end of the second light phase (LME model, p value < 0.01; Fig. 5B ). Although δ 13 C of the lipid changed across the experimental time period, the relative abundance of lipid droplets within the foraminiferal cell remained constant at ~ 5% during the entire experiment (LME model, p value > 0.05, Fig. 5A ).
During the initial 18 h of the experiment (6 h pulse + first night chase period), the foraminiferal endoplasm background underwent a slow, spatially heterogeneous increase C-enrichments. TEM micrographs of dinoflagellates in the endoplasm of O. universa illustrating the difference in starch grain content between the end of the day (A) and after 12 h in darkness (B). Asterisks: dinoflagellate starch grains, c: dinoflagellate chloroplasts, n: dinoflagellate nucleus, p: pyrenoids. Scale bars: 2 µm. C The relative abundance of starch grains in dinoflagellates (in % of total cytoplasm area). D Average starch 13 C-enrichments. A distinction is made between starch from dinoflagellates present in the endoplasm (black circles) or in the internal/ectoplasmic matrix (white circles) of O. universa. Error bars: ± 1 SD (n = 3 specimens) in 13 C that is particularly evident at the end of the night chase phase (T = 18 h; Fig. 3 ). Higher magnification TEM and NanoSIMS images of specimens fixed during the dark chase phase revealed small (0.2-1 µm) 13 C-enriched lipid droplets within the host cytoplasm after 12 h of incubation (Fig. 6A) . These lipids were often observed in direct contact or extremely close to the symbiosome membranes surrounding the dinoflagellates, as well as within the symbiont adjacent to the symbiosome membrane (Fig. 6) .
High-magnification TEM and NanoSIMS images also reveal small (0.2-0.5 μm diameter), spherical to irregularly shaped electron-opaque structures (nature and function unknown) that are enriched in 13 C and distributed evenly throughout the foraminiferal endoplasm (Fig. 7A, B) . In addition, some fibrillar bodies (Lee et al. 1965 ) exhibit high δ 13 C values, whereas adjacent fibrillar bodies were not significantly enriched in 13 C (Fig. 7C, D) , possibly indicating different stages and timing of development with respect to the pulse phase period.
Dinoflagellate cell division within the foraminiferal host cell
Dividing cells are only observed during the night period when mitosis produces dinof lagellate cells with two nuclei composed of condensed chromosomes (Fig. 8A) . At the start of the night phase, prior to mitosis, 13 C-enrichments is primarily observed in starch C (Fig. 8B, C) . At the end of the night phase (T = 18 h), following symbiont mitosis, the 13 C-enrichment in the C-enrichment of the lipid droplets observed within a dinoflagellate and within the foraminiferal endoplasm at T = 12 h. B-E TEM micrographs of dinoflagellates in O. universa endoplasm during the night phase at T = 12 h. Circles are drawn around potential lipid transfer areas from the dinoflagellate to the foraminiferal endoplasm, i.e., lipid droplets, either in very close proximity or in direct contact with the symbiosome membrane. In some specimens, lipid droplets have a void around the lipid core, which is likely an artifact of the fixation process. Insets in B and C show higher magnification images of the potential lipid transfer circled in B and C micrographs. Arrowheads: lipid droplets, arrows: electron-opaque bodies, asterisks: dinoflagellate starch grains, c: dinoflagellate chloroplasts, n: dinoflagellate nucleus. Scale bars: A, C-E 2 µm; B, inset D 1 µm; inset B 500 nm dinoflagellates is more evenly distributed, with clear 13 C-enrichment in the nucleus and chloroplasts (Fig. 8D,  E) . This demonstrates that carbon fixed during the previous day is utilized for both dinoflagellate cell division and foraminifera growth.
Dark incubation
When foraminifera and their symbiotic dinoflagellates are incubated in the dark for 6 h in 13 C-spiked ASW, the cells do not display a 13 C-enrichment in either the symbiont starch granules or foraminifera endoplasm (Online Resource 5). Although lipid droplets were also observed in the foraminiferal endoplasm they showed no sign of 13 C-enrichment either. These results confirm that the primary pathways for cellular carbon in the foraminifera-symbiont system are through symbiont photosynthesis.
Discussion
Diurnal patterns of symbiont distribution
As previously documented in other symbiotic planktic species (Anderson and Bé 1976; Bé and Hutson 1977) and in O. universa Spero 1987) , dinoflagellate symbionts move along the foraminiferal spines, synchronized to the day-night cycle ( Fig. 2) . At the onset of darkness, these dinoflagellates migrate down the spines, pass through the juvenile chamber apertures, and are incorporated into membrane bound vacuoles (symbiosomes) within the foraminifera endoplasm. During the day, this process reverses. However, we observed a small number of symbionts remaining within the endoplasm of O. universa during the day. Anderson and Bé (1976) suggested that by keeping a daytime sub-population of dinoflagellates within their endoplasm, the foraminifera could enhance transfer of photosynthates to the host. Indeed, in our study, evidence of translocation of 13 C-enriched photosynthates from symbiont to foraminifera lipid droplets is seen during the light phase (Figs. 3 and 5B), suggesting that the symbiont population is providing the foraminifera with assimilated carbon at all times throughout a 24 h period (Fig. 9) .
Photosynthate assimilation and turnover in the symbiotic dinoflagellates
Oxygen flux measurements using micro-sensors in O. universa have demonstrated efficient O 2 production by the dinoflagellate photosynthetic system, and hence efficient photosynthetic C-fixation (Jørgensen et al. 1985; Rink et al. 1998; Köhler-Rink and Kühl 2005) . Starch, which is the most abundant photosynthetic C storage form in plant cells, consists of amylopectin and amylose synthesized from glucose (supplied by photosynthetic C-fixation), and its degradation results mainly in the formation of glucose and maltose, which can be further processed to other C compounds (Preiss 1982; Smith et al. 1997; Zeeman et al. 2010) . In symbiotic dinoflagellates, starch is also the main form of carbon storage, followed by lipid droplets (Taylor 1968; Dodge and Crawford 1971) .
The incorporation of 13 C into starch on the dinoflagellate pyrenoid surfaces was evident after only 45 min in the 13 C pulse (Fig. 3) , and most likely started as soon as the symbiont was exposed to light (Fig. 4D) . Subsequent transfer of starch from the pyrenoid surface to the dinoflagellate cytosol, in addition to the continuous increase in starch grain density throughout the first light pulse phase, has never been observed in this symbiotic system (Fig. 3) . However, corals exposed to a comparable 13 C pulse-chase experiment exhibited similar carbon uptake timing and starch storage in the symbiotic dinoflagellate Symbiodinium spp. (Kopp et al. 2015b) . During the night phase (Fig. 4C) , starch density decreases continuously, likely due to a combination of dinoflagellate respiration, cell division (as indicated by 13 C redistribution to other dinoflagellate organelles following mitosis; Fig. 8E ), as well as photosynthate translocation to the host (Figs. 3, 5 , and 6).
Photosynthate translocation inside the host cell
In cnidarian symbiosis, translocation of photosynthates have been observed in the form of glycerol, glucose (or other hexoses), amino acids, or lipids (Muscatine et al. 1967; Trench 1971 Trench , 1979 Hofmann and Kremer 1981; Kellogg and Patton 1983; Patton and Burris 1983; Whitehead 2003) . Because the sample preparation we use for TEM-NanoSIMS analysis does not preserve soluble compounds (Nomaki et al. 2018; Nuñez et al. 2018) , our study does not reveal information on the transfer of soluble photosynthates, such as glycerol, hexoses, and amino acids in the O. universa symbiotic system. However, lipids are largely preserved during sample preparation and can be studied. The absence of 13 C-enrichment in the foraminiferal lipid droplets and endoplasm of specimens incubated 6 h in the dark (Online Resource 5) suggests that O. universa does not possess its own pathway for inorganic carbon assimilation. Thus, we conclude that the 13 C-enrichment observed in the foraminiferal endoplasm, including the lipid droplets, incubated in the light was the result of a photosynthetic process, acquired through the symbiosis with photosynthetic dinoflagellates.
After 45 min of incubation, we observe 13 C-enriched lipid droplets within the foraminiferal endoplasm (Fig. 3) , indicating rapid translocation of 13 C-photosynthates from the dinoflagellate to the foraminiferal host cell. Fast C transfer was also observed in a coral symbiotic system, where 13 C-enriched host lipids were observed after only 15 min (Kopp et al. 2015b ). The increase of lipid 13 C-enrichment during the first 18 h of this experiment (Fig. 5) suggests that photosynthate carbon is translocated between the dinoflagellates and foraminiferal host continuously during day and night. In addition, the observed gradual increase in 13 C-enrichment of all foraminiferal endoplasm compartments (Fig. 3) suggests that translocated photosynthate carbon is closely coupled to the foraminifera anabolic needs.
The relative abundance of lipid droplets in the O. universa endoplasm did not vary during the experiment (Fig. 5A ). This observation suggests the rates of lipid production, C translocation, and lipid utilization by the host cell is at equilibrium. The decrease in foraminiferal lipid droplet 13 C-enrichment during the chase phase (Fig. 5B) indicates that the lipid droplet content was both utilized by foraminiferal metabolism and renewed by lipids not labeled with 13 C. The former results in a spatially heterogeneous 13 C-enrichment of the foraminiferal endoplasm that we observe in the pulse phase of our experiment (Fig. 3) . However, we cannot exclude the possibility of a direct transfer of soluble compounds from the dinoflagellates to the foraminiferal endoplasm for foraminiferal metabolic needs (Fig. 9) .
The implications of soluble compound C transfer from symbiotic microalgae to host have been reported previously in the literature. For example, in the symbiotic radiolarian Collosphera huxleyi, and the coral Heteroxenia fuscescens, C transfer between photosynthetic symbiont and the host cell is thought to involve a glycerol transfer step prior to the production of lipids (e.g., wax, fatty acids, and triglycerides) (Anderson et al. 1983; Schlichter et al. 1983) . In H. fuscescens, Schlichter et al. (1983) reported a rapid conversion of soluble compounds into lipids in both symbiont and host cells. The reprocessing of soluble C compounds was also shown in the coral Acropora cf. scandens, in which labeled 14 C-glycerol and 14 C-glucose were rapidly converted into lipids. After 60 min of incubation, ~ 30% of the 14 C fraction was found in the lipophilic fraction (Schmitz and Kremer 1977) . However, the authors could not determine whether the reprocessing of the photosynthates occurred in the symbionts or in the host. Transfer of lipid and soluble compounds might be concomitant in the symbiosis between dinoflagellates and foraminiferal cells. In cnidarians, these transfer processes are controlled by the host through the expression of specific molecules to stimulate or inhibit the release of photosynthates from the algae (Yellowlees et al. 2008 ). Thus, depending on the environmental conditions and the host metabolic state, the host could modulate this transfer and preferentially trigger the translocation of lipids or soluble compounds. Although the pathway(s) for lipid synthesis and transfer between symbiont and host in O. universa remain to be determined, it is clear that lipids play an important role in C cycling in this organism. The observation of 13 C-enriched lipid droplets in direct contact with (and on either side of) the symbiosomes (Fig. 6 ) might indicate that lipids are transferred across this membrane by the process of exocytosis, although we have made no direct observations to prove this hypothesis.
Production and accumulation of lipid droplets in the O. universa-dinoflagellate symbiotic system raise the intriguing possibility that lipid production could also be intimately related to buoyancy control. Spero (1988) noted that the majority of O. universa specimens studied in the laboratory produce their spherical chambers late at night when the symbionts are sequestered within the endoplasm. Production of a large final chamber, coupled with chamber thickening during calcification (Spero 1988) , requires a mechanism to generate positive buoyancy to quickly counter the density increase of the organism that is associated with calcification. We hypothesize that lipid production associated with C translocation plays a significant role in this buoyancy control (Caromel et al. 2014) . Such a function for lipids could provide a rationale for the observed baseline lipid levels in the foraminifera cells a well as to justify the type of C translocated between symbiont and host cell, i.e., lipid versus soluble C, as discussed above.
A number of additional 13 C-enriched structures are seen in the TEM images. For instance, small 13 C-enriched, electron opaque, spheres observed in the foraminiferal endoplasm (Figs. 6A and 7) likely correspond to the electron-opaque bodies (also called "electron-dense bodies" or "osmiophilic granules") described in both benthic and planktic foraminifera (Leutenegger 1977; Nomaki et al. 2016; LeKieffre et al. 2018) . Such structures appear in TEM micrographs of planktic species in the previous publications (Anderson and Bé 1976; Hemleben et al. 1989 ). These electron-opaque bodies are known to contain nitrogen and significantly more sulfur than other organelles, but their function remains unknown (Nomaki et al. 2016) .
Another organelle that is unique to planktic foraminifera, fibrillar bodies (Fig. 7) , is observed in the O. universa endoplasm. These structures were previously described in 1 3
Page 13 of 15 104 light microscopic and TEM studies of different planktic species (Lee et al. 1965; Hansen 1975; Anderson and Bé 1976; Spero 1988; Anderson and Lee 1991) . The observation that some fibrillar bodies are enriched in 13 C, whereas other such organelles lack 13 C enrichment suggests that the population of fibrillar bodies we observe in micrographs formed both prior to and during the pulse phase of our experiment. Based on cytological staining, Lee et al. (1965) showed that fibrillar bodies are rich in proteins. Although the role of this organelle is still controversial, Spero (1988) presented TEM evidence that suggests fibrillar body proteins play a role in organic matrix formation during chamber biomineralization.
Dinoflagellate photosynthesis and mitosis: the role of the host?
During the night chase phase of our experiments (i.e., between T = 12-18 h), the vacuolized dinoflagellates residing in the endoplasm were frequently observed undergoing mitosis (Fig. 8) . No dinoflagellates were observed undergoing cell division during light periods. Furthermore, photosynthetically assimilated 13 C-enriched carbon was a major contributor to the anabolic processes taking place during mitosis (Fig. 8) . This timing of mitosis requires explanation. It has been suggested that the foraminiferal endoplasm is the most favorable environment for symbiont reproduction (Faber et al. 1988) because of greater availability of nutrients (such as N and P) obtained via prey capture (Jørgensen et al. 1985) . Studies with diatoms and dinoflagellates in culture have shown that a pulse of nutrients can induce cell division of the microalgae (Doyle and Poore 1974) . Symbiotic dinoflagellates of the pelagic cnidarian Mastigias sp. undergo mitosis at night when the host is visiting the nutrient-rich chemocline lower in the water column (Wilkerson et al. 1983 ). Because O. universa typically inhabits low-nutrient environments (Spero and Parker 1985) , it might be necessary for the symbiotic dinoflagellates to migrate into an environment (i.e., the endoplasm) rich in N and P to trigger mitosis (Uhle et al. 1999) . Jørgensen et al. (1985) showed, based on model calculations, that ambient N and P concentrations are insufficient to maintain the growth of the symbiotic dinoflagellates associated with the planktonic foraminifer Globigerinoides sacculifer; capture of prey by the foraminifer would be required to provide enough of these nutrients for dinoflagellate growth. Prey-capture experiments and experiments to elucidate the role of micro-nutrients, such as nitrates and ammonium, in mitosis would be interesting targets of future investigation.
Conclusion
By combining a 13 C-labeled bicarbonate pulse-chase experiment with correlated TEM and NanoSIMS imaging, we have traced the fate of C assimilation within the symbiotic association of planktic foraminifera and photosynthetic dinoflagellates (summarized in Fig. 9) . Results show that dinoflagellates actively assimilate C into their starch grains during the day, and metabolize the fixed C by night via (1) respiration, (2) formation of new biomass supporting mitotic cell division, and (3) transfer to the foraminiferal cell. Carbon translocation is fast (< 45 min) and happens throughout a 24 h period, i.e., during day and night phases. The observation of lipid droplets in close association with the symbiosomes enclosing the dinoflagellates in the foraminiferal endoplasm indicates that lipids likely play an important role in this C transfer.
Data availability
The data sets generated during and/or analyzed during the current study are available in the PAN-GAEA repository (https ://doi.org/10.1594/panga ea.88799 5).
